Metal complexes that bind to DNA on the basis of shape-selection have been used to map the conformational features of the DNA binding site for transcription factor EIA. Conformationally distinct segments are detected on the SS rRNA gene that correspond closely to the binding sites identified for the individual zinc finger domains of the protein.
contacts with the gene (12, 13) . There have been several experimental observations that have suggested that the structure of the DNA within the ICR is not a canonical B-form helix but instead may be displaced toward the A-form conformation (14) (15) (16) (17) (18) (19) . In the present experiments we find that the complex [Ru(Me4phen)3]2+ [for tris (3, 4, 7, 8 -tetramethylphenanthroline)ruthenium(II)], which associates preferentially with polynucleotides in the A conformation (6, 20) , cuts at several specific regions within the ICR. Immediately adjacent to these sites we find positions cleaved by [Rh(phen)2(phi)P3+ [for bis(phenanthroline)(9,10-phenanthrenequinone diimine)rhodium(III)], which targets sites where the major groove is markedly opened (7, 8) . The cumulative results reveal that short segments of A-like conformation may punctuate the binding site for TFIIIA with distinct openings in the major groove occurring at the junctions between the B-and A-type segments. These openings in the major groove correspond closely to the individual finger binding sites identified with deletion mutants ofTFIIIA (21) and thus suggest that DNA conformational heterogeneity may be an important element used in orienting the multiple finger domains of the factor along the ICR. With the advent of single-crystal analysis ofoligonucleotides, it has become apparent that considerable departures from idealized helix parameters occur in the structure of DNA. Sequence-dependent heterogeneity due to variations in helix twist and base pair roll and tilt have a pronounced effect on the arrangement of the hydrogen bond donors and acceptors of the bases and on the local configuration of the sugar phosphate backbone. Deviations from canonical B-form DNA structure have been observed in the cocrystal structures of several DNA-protein complexes (1) (2) (3) , and it is likely that such polymorphism in general plays a role in the recognition of nucleic acid sites by proteins.
Metal complexes have been designed that recognize distinct sites along DNA on the basis of shape selection (4) (5) (6) (7) (8) (9) . These complexes provide sensitive probes for the local variations in helical conformation (10) . One advantage of this method of analysis is that structural details in the nucleic acid can be examined in solution under the same conditions used to study protein binding, thereby avoiding conditions that potentially can alter the biologically active structure of the macromolecule. Therefore, such methodology can provide a bridge between the few high-resolution views of short DNA fragments available with NMR spectroscopy and x-ray crystallography and the local sequence-dependent variations in structure that occur on much longer DNA fragments.
Here we apply two of these chiral metal complexes to map variations in the structure of the internal control region (ICR) of the Xenopus 5S rRNA gene, which is the binding site for transcription factor IIIA (TFIIIA) (11) . This factor contains nine zinc finger domains through which it makes multiple MATERIALS AND METHODS Nucleic Acids. The plasmid pS18 contains a single copy of a Xenopus borealis somatic 5S rRNA gene (17, 22) . The plasmid was digested with HindIII and labeled on the noncoding strand by treatment with alkaline phosphatase followed by rephosphorylation of the 5' ends with [y-32P]ATP and polynucleotide kinase. The coding strand was also labeled at the HindIII site with dideoxynucleotide [a-32P]triphosphate and terminal transferase. After incorporation of the radioactive label, the sample was digested with BamHI and the 248-base-pair (bp) restriction fragment containing the 5S rRNA gene was purified by electrophoresis on a 6% nondenaturing polyacrylamide gel. Sequencing reactions were those of Maxam and Gilbert (23) .
Photocleavage Reactions. [Rh(phen)2(phi)]C13 was synthesized, and enantiomers were resolved as described (7, 8 Proc. Natl. Acad. Sci. USA 88 (1991) were prepared and characterized as reported earlier (20 (26) . While the A-isomer cleaves the right-handed DNA with slightly lower overall intensity, no significant chiral discrimination is apparent in cleavage by [Rh(phen)2(phi)J3+ at specific sites (Fig. 1, compare lanes 5 and 6 or 9 and 10), indicating that they must represent junctions where the inclination or displacement of the base pairs (rather than propeller twisting) has opened the major groove. The presence of single distinct sites ofcleavage, as opposed to a pattern of cleavage over several base pairs, points to sharp changes rather than the gradual variation that is observed at sites of DNA bending (T.M., unpublished results).
A complementary probe is found in [Ru(Me4phen)3f]2 that associates with DNA through a surface interaction in regions where the minor groove is both wide and shallow (6, 10, 20) . Consequently, this probe reacts most strongly with polynucleotides in the A conformation. The cutting patterns observed with [Ru(Me4phen)3]2 are dispersed in comparison to those of the rhodium complex, since cleavage by the former is mediated by singlet oxygen, which is a diffusible species. Also, because singlet oxygen reacts with the DNA bases, preferen- (Fig. 2, lanes 4 and 9) strands of DNA, suggesting some inherent difference in structure between them. The combined results with the ruthenium and rhodium probes reveal a remarkable degree of variation in structure across the ICR that is summarized in Fig. 3 . The complementary reactivities ofthe two metal complexes, which probe openings in the major and minor grooves, appear to define repeated G+C-rich elements having the weak consensus 
only ofthe 53-bp ICR and a 16-mer (base positions 67-82) (unpublished results). Since the mapping experiments were conducted on linear fragments, this structural heterogeneity cannot be a consequence of the topological constraints in supercoils, but rather it must arise from the sequence of the DNA.
Correlation of Conformational Heterogeneity with Protein Binding. Deletion mutants of TFIIIA have been used in footprinting experiments to locate the binding sites on the gene for all but two of the nine zinc fingers of the protein (21) . The results are in agreement with mutagenesis experiments that show that the contacts made by the factor are not uniformly spread across the ICR but are clustered together in three regions (termed boxes A, M, and C) (27) . We find a striking correspondence between the repeated structures defined by our conformational probes and the individual finger binding sites mapped with the deletion mutants of TFIIIA (Fig. 3) . Strong cleavage sites for [Rh(phen)2(phi)]3+ centered at positions 46, 53, and 59, flanked by cleavage sites for [Ru(Me4phen)3]2+ were found, for example, at positions indicated for binding by fingers 9, 8, and 7. The G+C-rich elements recognized by the probes centered at positions 64 and 70 correspond to binding sites for fingers 6 and 5. Inherent in the sequence-encoded DNA structure, therefore, appear to be the reoccurring conformational variations necessary to accommodate the zinc finger domains of TFIIIA. The correlation strongly suggests that the zinc finger domains, like our small metal complexes, may recognize these structurally distinct segments through shape selection.
There are several additional points that are noteworthy. First, the distribution of G+C-rich elements along the promoter accommodates the length of the proposed linker sequences between fingers in TFIIIA. Between both fingers 7 and 6 and fingers 6 and 5, for example, the linker lengths are exceptionally short, 5 and 4 amino acid residues, respectively, and we find that the G+C-rich elements that would correspond to binding sites for fingers 7-5 are adjacent one to another. Also, although the pentanucleotide sequence containing a 5'-pyrimidine-purine-3' step with reinforced stacked purines on each 3'-side appears to generate the local conformation, it is certainly not a requirement from these data that each zinc finger span a full pentanucleotide sequence. Indeed, the sequences of these elements are only weakly conserved in the binding site, but as the amino acid sequence of the individual fingers is only modestly conserved in TFIIIA, there is no reason to expect perfect repeats in the nucleic acid.
The structure of the DNA encompassing the binding sites for fingers 1 and 2 appears to be more complex, particularly in the region from position 85 to position 90, where both probes react with the coding strand. Fairall et al. (13) in the ICR with dimethyl sulfate is broken at guanosine-85 and -86, which indicates a change in the nature of the interaction within this region. This part of the binding site for TFIIIA contains a cluster of critical contact points for the protein as revealed in methylation interference experiments (28) . Thus, the overlapping reactivity ofthe two probes at this site likely is related to the tight and possibly different mode of binding of TFIIIA to the 3' end of the ICR (13, 21, 29) . In addition, we note that transcription factor IIIC interacts within this segment of the promoter at base pairs 87-89 and also between the G+C boxes at the 5' end of the ICR at position 51 (30) .
The binding ofTFIIIA to a series of deletion mutants of the 5S rDNA first indicated that the nature of the interaction between the protein and DNA is not uniform across the ICR (29) . Deletions from the 5' end of the gene up to position 74 exhibited local loss of protection from DNase in footprinting experiments with TFIIIA but still retained some affinity for the protein; more important, these mutants are unable to support transcription. On the other hand, loss oftranscription coincided exactly with loss of binding of TFIIIA for deletions made from the 3' end of the gene. This observation suggests that binding of the factor to the 3' end of the ICR may be necessary for the additional interactions in the 5' end that are required to initiate transcription. Moreover, the behavior of mutants of TFIIIA itself also supports the notion that the interaction is not equivalent throughout the region ofthe gene protected by the factor. Whereas removal of several of the carboxyl-terminal fingers that interact with the 5'-end of the ICR have a moderate effect on binding affinity, removal of the two amino terminal fingers (1 and 2) completely abolish binding (21) . Our results indicate that the structural polymorphism of the DNA may dominate the interactions within the 5' half of the ICR, defining the sites for orientation of the multiple finger domains. This proposal can explain the discrepancy between binding of the factor and initiation of transcription observed with the 5' deletion mutants, since in the absence of these structural elements, the factor, although attached to the DNA, would not be oriented properly.
Shape Complementarity Between the Major Groove and the Zinc Finger Domain. Nuclease and chemical protection experiments indicate that binding of TFIIIA occurs primarily in the major groove of the DNA (13, 21). The opening up of the A B major groove at the binding sites for the individual fingers detected with [Rh(phen)2(phi)]P supports this proposal and suggests that shape-selection may also serve as a guide in efforts to generate a model for the interaction between the individual zinc finger domains and the DNA helix. From the cleavage data (Fig. 3) , the binding site contains a localized opening of the major groove with shallow minor groove elements immediately flanking the open region. Repeated elements of A-form and B-form structure would satisfy these requirements, where an abrupt change in the inclination of the bases, yielding an opening in the major groove, would represent the junctions between A-and B-form segments. This model would be consistent with both the CD spectral results (16, 17) and the greater helical repeat measured for the ICR (17), both of which suggest that this DNA adopts a conformation intermediate (though closer to B) between Aand B-forms. However, our data demonstrate that the ICR is not constant in conformation but rather is structurally heterogeneous. Examinations of the digestion patterns of the ICR generated by hydroxyl radicals (21, 31) and uranyl ion (32) also indicate the presence of conformational heterogeneity in the DNA. Based upon our results, this heterogeneity can be described by a nonuniform distribution of A-like elements that punctuate the 5S rDNA.
To examine the compatibility ofthe mixed A-B binding site to a zinc finger domain, we have docked a zinc finger consensus structure (25) against the putative binding site. The motif consists of an amphipathic a-helix packed against two antiparallel /3-strands that form a compact structure with a hydrophobic interior and several polar side chains on the exterior of the folded peptide (25, 33, 34) . 4-A radius) as a probe. *SASA calculated for the 12-bp DNA fragments depicted in Fig. 4. tSASA calculated for the individual zinc finger peptide domain.
tSASA calculated for the DNA-peptide complex depicted in Fig. 4. §The sum of the surface areas of the DNA and peptide domain minus the surface area of the DNA-peptide complex.
to fit closely against the surface of the major groove, which is too narrow to accept (at reasonable Van der Waals distance) even one side of the a-helical region of the zinc finger. The B-form major groove, in contrast, easily accommodates the full zinc finger, but in this case, the groove dimensions are actually too large, and it is not evident that the peptide domain could make significant contact with both strands simultaneously; the peptide domain cannot span the entire width ofthe B-form major groove. Instead, ifthe groove were opened centrally but were somewhat pinched, as occurs at the junction of the mixed A-B model, the structures of the zinc finger domain and the DNA major groove become well matched. This surface complementarity can be quantitated through calculations of the surface areas in these models which are accessible to solvent. The difference in surface area between free and bound complexes is largest for the mixed A-B model and smallest for the B-form structure (Table 1) , consistent with the notions seen qualitatively in Fig. 4 . Hence, the surface overlap between peptide and nucleic acid is largest for the mixed A-B form, supporting the good structural matching with this model. There are, however, alternative ways in which one might consider docking the zinc finger domain against the DNA major groove. In the orientation displayed, the a-helix lies along the major groove with the two termini aligned so that neighboring fingers may be easily linked along the major groove. In an alternate orientation, the tip of the domain could instead penetrate the major groove to make sequencespecific contacts, such that amino acid residues towards the base of the finger would be aligned to interact with the ribose phosphate backbone. The linker region can either track along the major groove or cross over into the minor groove depending upon the orientation. As defined by the metal probes, the shape and size of the DNA helix cannot be used to differentiate between these two models. In fact, both modes may be utilized by individual fingers of TFIIIA (21, 31) .
Does the A-B junction model realistically reflect the detailed conformation of the nucleic acid bound by a zinc finger peptide domain? Our results define the structural polymorphism inherent in the free nucleic acid; however, CD spectra taken of the 5S gene (17) and the ICR (15) are unchanged in the presence of TFIIIA, suggesting that this heterogeneity is not attenuated by the factor, and may, in fact, play a significant role in determining site recognition. The close structural matching of the peptide domains to an A-B junction and the correspondence of finger binding sites to the centers of these junctions lend strong support to this notion.
Note. Since this manuscript was submitted for publication, the crystal structure of the Zif protein bound to its cognate site has been reported (35) . The orientation of the three fingers with respect to the helix is comparable to that shown in Fig. 4 . The DNA helical structure, while primarily B-form, also shows an opening toward the major groove at each central 5'-pyridine-purine-3' step.
